The patchy distribution in space of plankton organisms under natural conditions is well documented. However, most studies examining this phenomenon have dealt with large scale (i.e. hundreds of metres to kilometres) patchiness in the horizontal plane. Horizontal heterogeneity in plankton distributions is also known to occur at small (i.e. millimetre-centimetre) scales but such patchiness is less well studied and the potential causes of this patchiness less well understood than that occurring at larger scales.
phytoplankton distributions is recognized, knowledge concerning the microscale vertical distribution of plankton species is very limited.
Regardless of the scale of patchiness one is considering in the ocean, it can come about through either physical (giving rise to heterogeneity in the physical environment) or biological [i.e. migration, sinking, grazing, predation or other more subtle species interactions (Stoecker et al., 1984; Tokarev et al., 1999) ] processes or a combination of these two types of process. The importance of biological processes in leading to plankton patchiness is, however, predicted to increase inversely with scale (Pinel-Alloul, 1995) . Thus, it is at the microscale where one could predict an important role for biological processes in causing heterogeneity in plankton distributions. Documenting the occurrence of such interactions remains, however, elusive.
A few field data sets have provided material on small scale plankton distributions from which individual species' behaviour or species/community interactions leading to plankton patchiness can be inferred. For example, Bjørnsen and Nielsen (Bjørnsen and Nielsen, 1991) found that high densities of toxic dinoflagellates were associated with a decreased abundance of microzooplankton and suggested a negative interaction between these two plankton groups. In another study, Stoecker et al. (Stoecker et al., 1984) found a positive correlation between the distributions of ciliates and their prey and suggested positive species interactions between these groups.
The purpose of the present study was to describe the microscale (decimetre) vertical distributions of phyto-and microzooplankton both at the species and community levels in a stratified estuary. The observed patterns in species distributions are confirmed by sampling at two different stations in close proximity to one another. The study is, in its nature, descriptive. However, we combine our observations on species distributions with previously published information concerning the autecology of the species recorded in order to propose hypotheses to explain how species behaviour or species/community interactions may have influenced the observed patchiness in species and community distributions.
M E T H O D Sampling site
Sampling took place in Aarhus Bay, a relatively sheltered estuary situated in the south-western part of the Kattegat, at 56°09Ј10ЉN, 10°19Ј20ЉE, depth 16 m (Figure 1 ). The hydrographic conditions in the Kattegat are mainly determined by the outflow of low salinity Baltic water at the surface and the inflow of high salinity North Sea and Skagerrak water at the bottom, usually separated by a stable halocline. The vertical position of the halocline is strongly influenced by meteorological conditions such as wind speed and direction as well as atmospheric pressure, which cause the stability of the halocline to vary (Rasmussen, 1997) . Moreover, heating of the surface layer by increased irradiance during the summer months reinforces stratification.
Sampling
Sampling was conducted on August 23, 1999 between 11.00 and 11.30 a.m. using a high resolution sampler (HRS) as described in Bjørnsen and Nielsen (Bjørnsen and Nielsen, 1991) . The HRS was positioned so that the middle was placed at the depth of maximal fluorescence ( Figure 2 ). Two HRS deployments were made in the same depth interval at stations separated by a horizontal distance of~40 m (stations S1 and S2). Prior to HRS sampling, continuous profiles of salinity, temperature, density and fluorescence were recorded in 20-cm intervals in order to determine the depth of the fluorescence peak. CTD measurements were made using an Arop 2000 PowCom and fluorescence measurements of chlorophyll were made with a BackScat fluorometer. Light attenuation in the water column was measured using a Li-Cor quantameter.
The HRS collects 20 duplicate water samples (each 150 ml) almost simultaneously (<1 s) at 15-cm intervals. From each depth, the two water samples were pooled and a subsample of 50 ml was filtered through a Whatman GF/C filter and frozen for later analysis of nutrient content. The filters were individually placed in 10 ml of 90% acetone for extraction of chlorophyll a. The remaining water was preserved in 1% acidic Lugol's solution for quantification of phyto-and microzooplankton. In addition to the HRS samples, samples from the surface water (depth = 1 m) and the bottom water (depth = 15 m) were collected and treated as described above. At the time of sampling, wind velocity was low (4-6 m s -1 ) and there were scattered clouds.
Sample analysis

Chemical analysis
Chlorophyll a concentrations were measured fluorometrically on acetone extracts using a Turner fluorometer, according to Yentsch and Menzel (Yentsch and Menzel, 1963) . Analysis of silicate, phosphorus and nitrate concentrations was carried out automatically, following Grasshoff et al. (Grasshoff et al., 1983) , at the Danish Institute for Fisheries Research.
Taxonomic identification, enumeration and calculation of cell carbon content
All diatoms, flagellates and ciliates were quantified by settling 25 or 50 ml of water from each sample for 48 h in plankton sedimentation chambers (Hydrobios). Cells larger than 2 µm were counted following the Utermöhl technique (Lund et al., 1958) using an inverted Zeiss microscope (Axiovert 135M, ϫ100, ϫ200, ϫ400). Encountered cells were identified to the lowest possible taxonomic level. When appropriate, cells were assigned to size classes. Nanoflagellates (2-20 µm) were only counted in every second sample (separated by 30 cm). Cells smaller than 2 µm were not counted due to the difficulties of enumerating this size class using the Utermöhl method (Montagnes et al., 1999) . Abundance, biovolumes and cell carbon content were calculated using the program Algesys (Bio/consult A/S). Biovolume was calculated by using geometric equations for the shape of the algae (Olrik, 1991) . Calculation of cell carbon content followed Edler (Edler, 1979) . Only healthy looking cells containing chloroplasts (where appropriate) were enumerated.
Data analysis
Data reduction
Various methods have been applied to determine how many cells to count in order to obtain satisfactory precision on cell concentration estimates [e.g. (Allen, 1921; Venrick, 1978) ]. In this respect, different authors have reached rather different conclusions, probably as a consequence of, for example, sampling design, the applied counting method and the context in which the data have been used, and/or different authors' views of 'satisfactory precision'. Thus, in order to distinguish methodological inaccuracy from real biological patchiness in this study, a separate method, tailored to fit the obtained data and the purpose of sampling, was developed. Species-specific coefficients of variance (CV = variance divided by mean) of cell concentrations from S1 (the 20 samples used as replicates) as a function of mean cell count were used to identify the minimum number of cells counted necessary to stabilize CV. Rejecting the possibility that rare species are inherently more patchily distributed with respect to environmental variables than abundant species, a relatively high CV among the rare species suggests the influence of methodology (i.e. that a few cells by chance appear in one sample whereas none are found in the subsequent sample) rather than the occurrence of real patchiness. This analysis showed that the CV became relatively stable at mean cell counts per sample of around five. One species present in very high numbers in only a few samples (Kinetoplastida sp.) and chain-forming species (Chaetoceros spp. and Skeletonema costatum), which are aggregated in the sedimentation chamber by nature (Holmes and Widrig, 1956) , were omitted from the analysis.
A comparison of samples from stations S1 and S2 further supported the conclusion that cell counts above five can be considered reliable in the present context. The samples taken in these two HRS deployments demonstrate a remarkable concordance regarding the vertical In addition, confidence limits, as described in Ricker (Ricker, 1937) , were applied to species concentrations recorded in samples from S1 and S2 (upper limit = x + 2.42 + 1.96√[x + 1.5 ]; lower limit = x + 2.42 -1.96√[x + 0.5]; x = concentration; 95% confidence limits). A number between the concentration limits for each species at each depth was chosen at random and Pearson's correlation coefficients were calculated. This was done to examine the reproducibility of the number of significant positive correlations found between S1 and S2 applying rather wide confidence limits to the concentration estimates. For species with a high mean number of cells counted (n > 5), the 'new' concentrations gave rise to 33% significant positive correlations, which is not statistically different from the original 48% ( 2 = 0.58, d.f. = 1, P = 0.45). This result indicates that the correspondence of species-specific distribution patterns between S1 and S2 is preserved, even when broad confidence limits are applied to cell concentrations.
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Based on the above analyses, a mean number of five cells counted was chosen as the reduction parameter, leaving out 36 of the 80 species counted. The following analyses are based on the reduced data set unless otherwise stated.
Multivariate analysis
Multivariate analyses were performed on biomass data (square root transformed) using the program Primer 4.0 (Clarke, 1993) . This was done in order to evaluate possible clustering of samples within and between HRS samples. Using non-metric multidimensional scaling (MDS), which generates a geometric configuration of distances between sample points, derived from a matrix of similarities (Bray-Curtis) between points, two-dimensional scatter plots of the samples were constructed. No fundamental differences were found between MDS plots based on reduced versus unreduced and transformed (fourth and second root) versus non-transformed data, indicating that observed differences between samples are mainly due to the more abundant species.
Correlations
Spearman's coefficient of rank correlation (r s ) was calculated between species and between nutrients/ salinity/temperature and species in each of the HRS samples. The non-parametric r s is used because a linear relationship between these parameters cannot be assumed. Species-specific Pearson's coefficients of correlation (r p ) were also calculated between samples from S1 and S2. r p , which assumes a linear relationship between species concentrations, was applied instead of r s in order to emphasize the quantitative relationships between cell concentrations in the spatially separated samples.
Assignment to functional groups
On the basis of taxonomic and morphological characteristics and a survey of available literature concerning their autecology, the species included in the statistical analyses were assigned to various groups according to (i) taxonomy (diatoms, dinoflagellates, ciliates, other), (ii) size (small, <20 µm; medium, 20-50 µm; large, >50 µm), (iii) mobility (mobile or non-mobile) and (iv) nutritional form (autotrophy, heterotroph or mixotroph). All diatoms were classified as immobile, regardless of reports of migrating diatom mats (Villareal et al., 1993) . The classification of species into nutritional groups was the most difficult as the trophic affiliations of several species are currently in question [e.g. (Hansen, 1991a,b; Jacobson and Andersen, 1994) ]. The assignments of species to the various groups are summarized in Table I .
Distributional patterns of species and groups
The vertical distributions of species and groups within the samples taken with the HRS were analysed in different ways. Each species was assigned to a main distribution category: 'regular', 'random' or 'aggregated'. Note that the statistical description 'random' does not necessarily imply that the distribution of the species in question is incidental or that it is unexplainable but, rather, that it is irregular. The assignment was made by calculating the variance to mean ratio, or index of dispersion (I ) of abundance data using each depth within the HRS as a replicate. I will approximate to unity if there is agreement with a Poisson distribution (that is if data are randomly distributed). The departure of I from unity is assessed by reference to a 2 table, using the approximation 2 = I(n -1), where n = number of samples and d.f. = n -1 [see (Elliott, 1977) ]. Species that increased or decreased in number with depth were identified by correlating cell concentration and depth using Spearman's coefficient of correlation.
Differences and similarities between distribution patterns of species and groups were analysed using Kendall's coefficient of concordance (W ) (Sokal and Rohlf, 1995) , measuring the degree of association among a number of variables transformed to ranks. W varies between 0 and 1, with W = 1, meaning that there is perfect agreement between the distributions tested, resulting in a significant 2 value (P < 0.05). For each species, the relative abundance in each depth (relative frequency of the total number of cells in the given HRS sample) was calculated in order to standardize species distributions. This made it possible to compare species independently of differences in abundance/biomass.
Comparisons of vertical distributions of different groups were made by choosing the median frequency of the species in the group (i.e. mobile) in each depth and comparing that with the median frequency of the species in the other group (i.e. immobile). Median frequency was chosen, instead of mean frequency, in order to give weight to typical distributions, thereby minimizing the impact of rare outliers. In the analysis of the agreement of distribution of species with known or potential predator-prey relationships, potential prey organisms were identified from published literature [e.g. (Hansen, 1991; Nielsen and Hansen, 1999; Olli, 1999; Smalley et al., 1999) ].
The subsurface fluorescence peak sampled consisted of several minor peaks, all of which were associated with spikes in salinity and temperature. Differences in species composition between the three largest peaks were tested performing Kendall's coefficient of concordance on the sequence of the 10 most abundant species in terms of biomass. The relative distributions of autotrophic and heterotrophic species in each of these three peaks were examined by comparing the mean of the depth of maximal occurrence in the intervals where the peaks were positioned. Differences were tested for significance using a Student's t-test. 
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D. norvegica (Mi, Me, Mo) C. subtilis (A, S, Im) Ceratium furca (Mi, L, Mo) Guinardia flaccida (A, L, Im) C. fusus (Mi, L, Mo) Leptocylindrus danicus (A, S, Im) C. lineatum (Mi, L, Mo) Guinardia delicatula (A, S, Im) C. longipes (Mi, L, Mo) Rhizosolenia fragilissima (A, S, Im) C. macroceros (Mi, L, Mo) R. pungens (A, L, Im) C. tripos (Mi, L, Mo) Skeletonema costatum (A, S, Im) Gymnodinium chlorophorum (Mi, S, Mo) T. punctigera (A, L, Im) Katodinium glaucum (H, S, Mo) Pseudonitzschia sp. (A, Me, Im) Protoperidinium curtipes (H, L, Mo) Nitzschia closterium/longissima (A, S, Im) P. steinii (H,
Statistical analysis
Whenever parametric tests were applied, assumptions of normal distribution and homogeneity of variance were shown to be met using appropriate tests (Kolmogorov-Smirnov and Levenes). Statistical analyses were carried out using the Statistical Package of Social Science (SPSS) unless otherwise stated.
R E S U LT S Hydrographic conditions
In late August, a primary pycnocline was situated between 5 and 8 m depth. Salinity increased from 19‰ in the surface water to 29‰ at the bottom, while temperatures decreased from 17 to 12°C. Hydrographic conditions were similar at the two stations. Data from station S1 are shown in Figure 2 . Salinity and temperature discontinuities usually coincided. Concentrations of nutrients in the depth interval sampled by the HRS were relatively low. The concentrations of phosphate and silicate increased slightly with depth (P: r s = 0.54, n = 20, P = 0.013; Si: r s = 0.61, n = 20, P = 0.004), while the concentration of nitrate was characterized by minor peaks throughout the water column (data not shown). Nutrient concentrations were consistently low in the surface water but higher in the bottom water (phosphate, surface/bottom concentrations: not detectable/1 µmol l -1 ; nitrate + nitrite: 0.85/0.71 µmol l -1 ; ammonium: 0.35/4.93 µmol l -1 ). A fluorescence maximum (corresponding to ~10 µg chlorophyll a 1 -1 ) was measured beneath the primary pycnocline at 9 m depth, corresponding to ~10% of surface photon flux density.
Vertical heterogeneity
Biomass
The fluorescence profile (Figure 2 ) gives an indication of the overall distribution of autotrophic biomass in the water column and indicates the presence of several distinct peaks in the biomass distribution. The profile of biomass of auto-and mixotrophic phytoplankton estimated by microscopic examination (Figure 3 ) of the samples in the region of the fluorescence maximum was qualitatively similar to the fluorescence profile, although it appeared that the peaks in biomass were displaced vertically upwards by ~0.5 m between the time of the fluorescence profiling and the water collection by the HRS. Measurements of chlorophyll at the depth interval sampled by the HRS (data not shown) agreed well with the microscopically estimated total auto-and mixotrophic biomass. However, the carbon:chlorophyll ratio decreased significantly with depth (r p = -0.56, P = 0.01), indicating that the phytoplankton in the deeper water layers, where light was less available than at the surface, responded by increasing their cellular chlorophyll content [e.g. (Beardall and Morris, 1976; Richardson et al., 1983; Rosen and Lowe, 1984) ].
Species composition
Dinoflagellates dominated the plankton biomass between 8 and 11 m. The contributions of ciliates and diatoms to the plankton biomass were lower and relatively constant. A minor increase in mixotrophic biomass was noted in the deepest HRS samples. The dominant species in the samples was Gymnodinium chlorophorum (Elbrächter and Schnepf, 1996) , an otherwise colourless dinoflagellate containing an autotrophic endosymbiont. This species was present as colonies embedded in a gelatinous matrix (which is common for this species) and, together with the dinoflagellates Ceratium tripos, Ceratium macroceros, Ceratium fusus, Prorocentrum micans, Dinophysis norvegica and Protoperidinium curtipes, and the diatom Rhizosolenia pungens, comprised ~90% of the total biomass. The dominant species in both the surface and bottom waters were the diatom R. pungens and the dinoflagellate C. tripos. Together, these species comprised 50% of the biomass, while G. chlorophorum (which comprised ~50% of the biomass in the HRS samples) only comprised 14 and 3% in surface and bottom waters, respectively. A closer investigation of the three biomass peaks (P1-P3) studied in the region of maximum fluorescence sampled by the HRS (Figure 3 90% of the total biomass) in the two uppermost peaks [P1 versus P2: W = 0.96, 2 9 = 17.2, P = 0.045; NB the subscript on 2 here and in the following represents the number of degrees of freedom in the Chi distribution, see (Sokal and Rohlf, 1995) ]. This species sequence was not similar to that of the lowest peak (P1 versus P3: W = 0.81, 2 9 = 14.8, P = 0.10; P2 versus P3: W = 0.75, 2 9 = 13.5, P = 0.14). All fluorescence and biomass peaks were associated with changes in salinity and temperature. A difference (although non-significant) was found between the mean vertical positions of autotrophic and heterotrophic species in each of the three peaks, where, in all cases, the autotrophic species peaked above the heterotrophic species.
The distances on the MDS plot between the data points representing the plankton communities (unreduced data set) found at the various depths at station S1 indicate a large degree of similarity in the communities recorded in the samples taken with the HRS compared with the communities found at the surface and at the bottom. Likewise, the distance between the points representing the surface and bottom communities on this MDS plot indicates the presence of distinct communities at these depths ( Figure 4A ). MDS analysis of samples taken with the HRS at both stations ( Figure 4B) shows that the shallowest samples cluster at the right of the plot while the deepest are concentrated at the left of the plot. In all cases, samples from the same depths at the two different stations cluster closer together than samples from the top and bottom of the HRS. This indicates a high degree of resemblance for both species composition and biomass at corresponding depths at the two sites, and that the similarity between communities sampled at a specific depth at the two stations (~40 m horizontal distance between stations) was greater than that between communities at the top and bottom of the 3 m sampling range of the HRS at an individual station.
Analysis of the species composition showed that a tiny flagellate, Kinetoplastida sp., was present in very high numbers (up to 5500 cells ml -1 ) but only in the deepest sample taken by the HRS. This observation was made at both stations. Furthermore, species-specific correlations between S1 and S2 showed that 48% of the species were significantly positively correlated (63% if chain-forming species are left out; r p : P < 0.05). However, none of the nanoplanktonic species (<20 µm) was significantly correlated between the two stations. Tables II and III show the results of the statistical distribution analyses. The departure of the index of dispersion (I ) from a Poisson distribution divided the species into three distributional groups (Table II) Calculations are based on the unreduced, square root transformed data set. Samples 1-20 were taken using the HRS in and around the fluorescence peak. Sample 21 is the surface sample and 22 the bottom sample. The plot depicts the uniqueness of the plankton communities occurring at the surface, bottom and middle of the water column. The samples taken in the middle of the water column with the HRS clump together in (a). This clump is expanded in (b): MDS plot of samples taken using the HRS, i.e. only in and around the fluorescence peak at station S1 and S2. Calculations are based on the unreduced, square root transformed data set. Samples from station S1 are numbered 1-20. Samples from corresponding depths at station S2 are numbered from 21 to 40. Points representing samples from corresponding depths at the two stations are connected. Sample 37 was lost. The figure demonstrates both the heterogeneity of the plankton communities sampled at the different depths in the region of the fluorescence peak and the similarity in plankton community structure at the two stations.
Distribution categories
Downloaded from https://academic.oup.com/plankt/article-abstract/25/7/783/1529241 by guest on 13 December 2018 the species), randomly distributed (26%) or regularly distributed (56%). An aggregated distribution was typically ascribed to species with one or more abundance peaks. For randomly distributed species, no pattern in distributions could be discerned and regularly distributed species were more or less uniformly distributed in the region of HRS sampling. The distribution category assigned in Table II the general distribution pattern of the species in the water column. Within all of these categories of distribution, there is the possibility that numbers of an individual species may increase or decrease with depth. Those species for which a significant pattern of distribution with respect to depth in the HRS samples was observed are identified in Table III . The concentrations of 18% of the species decreased significantly with depth, while 24% of the species increased in number with depth (Spearman's coefficient of correlation, P < 0.05). The remaining species showed no systematic trend with depth.
Distribution patterns within taxonomic groups.
Within the different taxonomic groups, some patterns in distribution were noted. Almost all of the diatoms encountered in the HRS samples were found to be regularly distributed, although the total diatom biomass decreased slightly with depth. In contrast, the majority of dinoflagellate species were either randomly or aggregatedly distributed in the water column. The dinoflagellates could be divided into two groups with respect to distribution. One group, which consisted of potentially mixotrophic species (G. Figure 7 as an example of a typical distribution for this group. Most ciliates were regularly distributed in the water column.
Distribution of groups.
No statistically significant similarities in the vertical distribution of various groups of species (grouped according to taxonomy, nutritional form, 18 = 25.9, P = 0.10). These tests were performed on the median of the depth-specific frequencies of species comprising the various groups. In contrast, a significant similarity in distribution patterns was found among heterotrophic species (W = 0.34, 2 19 = 38.3, P = 0.005) and autotrophic species (W = 0.17, 2 18 = 45.9, P = 0.001), when the concordance of the distribution of the species within these groups was tested. No overall concordance was found among the vertical distributions of species of the other groups. Thus, there appeared to be common factors determining the distribution of species in the autotrophic group and factors influencing the distribution of the species comprising the heterotrophic group.
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Species-species relationships
Of all possible relationships between species, 13% were significantly positive and 7% were significantly negative (Pearson's coefficient of correlation, P < 0.05). Some of the negative relationships could be explained by major differences in distribution patterns (e.g. increasing or decreasing with depth), suggesting a possible response to a third external factor, for example irradiance or nutrient availability. However, others might be interpreted as being the result of real negative interactions between species. Dinophysis acuminata and D. acuta were, for example, negatively correlated with 7 and 19% of the remaining species, respectively. Of the species negatively correlated with both D. acuminata and D. acuta, no obvious explanation (such as increasing as opposed to decreasing numbers with depth) for the negative associations were found for C. longipes, Rhizosolenia fragilissima, Chaetoceros curvisetus and Leptocylindrus danicus.
Nutritional form
The distributions of some of the species for which nutritional form is in question or has been demonstrated to vary [e.g. (Hansen, 1991a,b; Jacobson and Andersen, 1994) were examined by calculating Kendall's coefficient of concordance with respect to the vertical distribution of these species and species representing nutritional groups they could either belong to or be associated with. A high degree of concordance was found between D. norvegica, D. cf. dens and D. acuminata (W = 0.70, 2 19 = 39.9, P = 0.003). These Dinophysis spp., when tested together with the group 'heterotrophic dinoflagellates', gave no concordance (W = 0.08, 2 19 = 10.4, P = 0.94). However, a significant concordance was found between these Dinophysis spp. and the autotrophic species that decreased with depth (W = 0.41, 2 19 = 46.1, P < 0.001). Autotrophs that decreased with depth were tested separately from total autotrophs as the cells that decreased with depth might be expected to be actively photosynthesizing and growing. In contrast, autotrophs that increased in abundance with depth could be sinking or dying cells. Nevertheless, testing Dinophysis spp. together with all autotrophs also gave a significant, although low, concordance (W = 0.15, 2 19 = 50.5, P < 0.001).
Likewise, the distributions of P. micans and C. macroceros were found to resemble the above-mentioned Dinophysis spp. (W = 0.51, 2 19 = 48.1, P < 0.001) and autotrophic species that decreased with depth (W = 0.31, 2 19 = 29.1, P < 0.06). No concordance was found between the other Ceratium species (C. furca, C. fusus, C. lineatum, C. longipes, C. tripos) and Dinophysis spp. However, a low but statistically significant concordance (W = 0.21, 2 19 = 42.7, P = 0.001) existed between the distribution of these Ceratium species and the heterotrophic species (Protoperidinium spp., Diplopsalis spp., K. glaucum, Salpingella sp., Lohmaniella oviformis), suggesting that these species may share a common feeding form. The distribution of G. chlorophorum (Figure 5 ), which harbours an autotrophic endosymbiont (Elbrächter and Schnepf, 1996) , showed a statistically significant similarity with the distribution of Mesodinium rubrum (both size classes combined), which utilizes chloroplasts from ingested cryptomonad prey for photosynthesis (Gustafson et al., 2000) , and Strombidium spp. (20-30 µm), which is also possibly mixotrophic (Nielsen and Hansen, 1999 ) (W = 0.41, 2 19 = 31.3, P = 0.038). A more detailed analysis of the distribution of M. rubrum cells revealed that while large M. rubrum cells were more or less uniformly distributed, small M. rubrum cells increased with depth in the depth interval surrounding the fluorescence peak (Figure 8) . Furthermore, the distribution of the potentially mixotrophic ciliates resembled that of the mixotrophic dinoflagellate G. chlorophorum, which may indicate that feeding mode can be a significant factor influencing the distribution of ciliates. 
Predator-prey relationships
D I S C U S S I O N
Interpretation of studies of the vertical distribution of plankton species is usually hampered by the time interval occurring between collection of samples at various depths. Here, we have used a novel sampling device that allowed nearly simultaneous sampling at 20 different depths over a 3-m depth range. This allowed us to overcome the problems of time intervals between sampling and turbulence (which potentially disturbs the microscale distributions of plankton species relative to one another) caused by raising and lowering a sampling device in the water column. The study clearly demonstrates microscale vertical heterogeneity in, especially, the distributions of the microplankton species. Furthermore, the major patterns observed in this vertical heterogeneity of microplankton were similar at the two stations studied, indicating that the patterns we observed do not simply reflect a chance distribution of the species recorded at the time of our sampling. A striking demonstration of the similarity in the vertical distribution of species was the fact that one flagellate, Kinetoplastida sp., was found in only one sample at both stations. It was very abundant in both samplings but found only in the deepest sample taken with the HRS. In contrast to the findings for microplankton, the vertical distribution patterns observed for nanoplankton were not found to be similar at both stations. This may suggest that the smaller plankton are not able to control their vertical positions in the water column to the same extent as microzooplankton.
Distribution of diatoms
Statistical analysis of the distributions of different species and groups of species indicated different patterns of distribution in the region of the water column sampled by the HRS: regular, aggregated or random distribution. Most of the diatoms encountered in the HRS samples were regularly distributed. Exceptions were Guinardia flaccida (randomly distributed), Rhizosolenia pungens (randomly distributed) and Thalassiosira punctigera (aggregated). We have no explanation for why these species might exhibit different general distribution patterns than the rest of the diatoms encountered but note that remnants of an earlier bloom, where cells are now sinking out of the water column, might not be expected to show a regular distribution. Several diatom species were found to decrease in number with depth (Table III) , which might be expected to be a response to light availability. Two diatoms, including the aggregatedly distributed T. punctigera, increased in cell number with depth. This, again, might suggest that T. punctigera was sinking out of the water column. Sinking of living and, in particular, dying cells will always be a significant process influencing the distribution of diatoms, especially under conditions of nutrient depletion [(Bienfang et al., 1981) and references therein; (Passow, 1991) ]. Some diatom species, (i.e. Chaetoceros spp. and Nitzschia spp.), were mainly found in the upper and lower part of the depth interval sampled by the HRS, i.e. at complementary depths to those where the dominating dinoflagellate G. chlorophorum was most abundant. A possible explanation for this pattern is that the gelatinous matrix of G. chlorophorum may interfere with the spiny structures of Chaetoceros spp. and Nitzschia spp. and, thereby, impede the growth of these species. This hypothesis is supported by the observation that also C. macroceros, a dinoflagellate with very long and slender horns, was also distributed complementarily to G. chlorophorum. Evidence of possible negative interactions between G. chlorophorum and other plankton species has not previously been reported. In contrast, negative effects of the DSP toxin producing species, D. acuminata and D. acuta, on other microalgae have been demonstrated (Windust et al., 1996) . In the present study, D. acuminata and D. acuta were negatively correlated with a number of other species, in particular diatoms, and this can be envisaged to be a result of toxic or inhibitory effects of exudates released from Dinophysis cells.
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Distribution of dinoflagellates
The majority of dinoflagellate species were either randomly or aggregatedly distributed in the region of the HRS sampling. Dinoflagellate distributions could be divided into two groups. One group, which consisted of autotrophic and potentially mixotrophic species, showed the same overall distribution pattern as other autotrophic species (mainly diatoms). The other group consisted of the heterotrophic species and the remaining mixotrophic species. The species in the latter group mainly increased in abundance with depth or were randomly distributed.
Examining the first group more closely, we find the most dominant of the organisms sampled by the HRS to be G. chlorophorum. This species was aggregatedly distributed within this depth region and showed greater abundance here than in either the surface or bottom samples. This distribution pattern is unlike that observed by Elbrächter and Schnepf (Elbrächter and Schnepf, 1996) , who found G. chlorophorum to accumulate at the surface. However, the bloom in Aarhus Bay, which was first observed at the pycnocline during this study, expanded to cover the upper part of the water column in September and October (P. Andersen, personal communication).
Dinophysis norvegica, D. cf. dens and D. acuminata were predominantly found in the upper part of the depth interval, at the level of 10% of surface light, but not in the surface water. A similar observation concerning light preference was made by Carpenter et al. (Carpenter et al., 1995) , who found D. norvegica to be most abundant deeper in the water column at low photon flux densities. This may indicate a relatively narrow range of photon flux densities preferred by Dinophysis spp. in contrast to another member of this first group, P. micans, which was uniformly distributed in the HRS samples, abundant in the surface water and rare at the bottom. The wide vertical distribution of P. micans (i.e. the upper two-thirds of the water column) during mid-day has also been demonstrated by other authors (Staker and Bruno, 1980; Eppley et al., 1984; Edler and Olsson, 1985) and suggests a tolerance of a broad span of photon flux densities by this organism.
The second group of dinoflagellates, which consisted of the heterotrophic species and the remaining mixotrophic species, comprised species that mainly increased in abundance with depth or were randomly distributed. Ceratium lineatum and C. longipes were both randomly distributed within the HRS samples and very rare at the surface and the bottom samples. An overall distributional similarity between C. longipes and C. lineatum and the strictly heterotrophic species was demonstrated. No concordance was found in the distribution of C. longipes and potential ciliate prey species.
In contrast, the distributions of the other potentially mixotrophic Ceratium species in this group (C. furca, C. tripos and C. fusus) were very wide, with equal concentrations in samples from the surface, the HRS and the bottom, although all three species tended to increase with depth within the HRS samples. The vertical distribution of C. furca around noon has been demonstrated to be wide but also to vary between successive samplings in a number of studies (Blasco, 1978; Eppely et al., 1984; Edler and Olsson, 1985) . The distribution of C. fusus has also been found to be wide but dependent on the nutritional state of the cells (Mikaelyan and Zavyalova, 1999) .
The variable distribution pattern characteristic of C. furca suggests heterotrophy to be a more likely feeding mechanism in this species than autotrophy. Less regularity would be expected in the distribution of heterotrophic cells dispersed in accordance with the dynamic distribution of various prey species than in the distribution of autotrophic cells determined by the less dynamic environmental gradients controlling photosynthesis. A similarity between the distribution of C. furca and of potential ciliate prey was found. Together with a high abundance of ciliates and C. furca, C. fusus and C. tripos at the surface, this suggests the distribution of Ceratium spp. to be strongly influenced by the distribution of prey in the present study.
The heterotrophic dinoflagellates P. curtipes and P. steinii were predominantly found in the lower part of the depth interval sampled by the HRS and only rarely in the surface or bottom waters. In contrast, Protoperidinium divergens was more abundant in the surface layer than in the HRS samples. These observations agree well with those of Eppley et al. (Eppley et al., 1984) who demonstrated that P. divergens migrate vertically in the water column and are most abundant in the surface layer at noon. In contrast, Blasco (Blasco, 1978) found another species of the Protoperidinium genus, Protoperidinium depressum, to be distributed predominantly in the subsurface layers, probably as a result of a negative phototactic response. In the present study, the distributions of P. curtipes and P. steinii suggest that the distributions may be influenced by the distribution of potential diatom prey species, indicated by a distributional similarity.
The heterotrophic species Diplopsalis spp. and K. glaucum were found mainly in the deepest HRS samples and the 'bottom' sample. Negative phototaxis may explain this distribution but prey availability may also be important. Diplopsalis spp. feed on other large (>20 µm) dinoflagellates (Hansen, 1991b) , which were shown to increase with depth in the present study. We might expect the small K. glaucum to feed on nanoflagellates. The concentration of heterotrophic nanoflagellates, which are known to feed on, for example, bacteria associated with sinking, decaying algal cells, can be predicted to increase with depth. In this study, the group Cryptophyceae spp. (14-20 µm), which may include heterotrophic species, was found to increase with depth and the bacteriovore, Kinetoplastida sp., was only found in the deepest samples. This could potentially explain the observed distribution of K. glaucum.
Cells of the photosynthesizing ciliate M. rubrum were divided into two distinct size classes, as is customary (Montagnes et al., 1999) . Mesodinium rubrum may represent a 'species complex' [(Gustafson et al., 2000) and references therein]. Morphological variation is large (Crawford, 1993) , as is the variation of cell-specific carbon:chlorophyll ratio and photosynthetic rate (Stoecker et al., 1991) . Furthermore, several authors have found the vertical distribution of M. rubrum to vary considerably both on a diel and a seasonal basis (Lindholm and Moerk, 1990; Williams, 1996; Crawford and Lindholm, 1997; Olli, 1999) . In the present study, a significant difference was found between the distribution of small (∼15 ϫ 12 µm) and large (∼25 ϫ 22 µm) cells of M. rubrum, suggesting the two size classes to be different not only morphologically but possibly also ecologically. The small cells were most abundant in the lower part of the depth interval sampled by the HRS and rare at the surface and bottom, while large cells were uniformly distributed in the HRS samples and abundant in the bottom sample (Figure 8 ). In a recent study, Pérez et al. (Pérez et al., 2000) also found small M. rubrum cells (length 15 µm) to accumulate around the depth of a subsurface chlorophyll maximum, thus avoiding the surface and bottom layers.
Both small and large cells of M. rubrum are believed to engulf Cryptophyceae spp. (Owen et al., 1992; Gustafson et al., 2000) . The smallest cryptomonad cells were predominantly found in the lower part of the depth interval sampled by the HRS, coinciding with the small M. rubrum cells, while the larger cryptomonad cells were more randomly distributed, suggesting the distribution of prey cells influences the distribution of M. rubrum. However, nutrient availability (Nielsen and Kiørboe, 1994; Gustafson et al., 2000) and irradiance can also be expected to influence the distribution of photosynthesizing M. rubrum cells.
Mobility
Two-thirds of the immobile species but only about onequarter of the mobile species were regularly dispersed in the HRS samples (Tables I and II) . This pattern, also found by Owen (Owen, 1989) and Olli (Olli, 1999) , suggests that the immobile species are subject to dispersal through turbulent water motion, whereas the mobile species are, to a larger extent, able to overcome external physical forcing and exert control over their position within the water column.
Size
The percentage of species demonstrating a non-regular distribution (i.e. random or aggregated) in the region of the HRS sampling increased with increasing size group. The groups of medium and large species were dominated by mobile hetero-and mixotrophic species, while the group of small species included many immobile autotrophic species but also a number of mobile species. Although the relative swimming velocity of small cells is higher than that of larger cells (Kiørboe, 1993) , their ability to actively position themselves in the water column in the face of opposing water motion is smaller. The susceptibility to dispersion by water movements (including those caused by our sampling procedure) may, thus, be expected to be greater in small than in large cells.
The influence of hydrography on microscale plankton distributions
A comparison of the profiles of fluorescence, nutrient concentrations, salinity and temperature in the depth interval sampled by the HRS revealed a layered structure common to all parameters, suggesting that physical mechanisms also influence vertical microscale plankton patchiness. A multi-layered structure, with discontinuities in salinity and temperature associated with peaks in fluorescence, may result from various hydrographic phenomena, e.g. intrusions of intermediate salinity water transporting nutrients and/or plankton. Differences in the species composition between the lowest and the two uppermost biomass peaks sampled by the HRS also indicate a layered structure consisting of different plankton communities. The overall tendency of auto-and mixotrophic species to peak above the heterotrophic species within the depth interval sampled by the HRS is repeated in each of the minor biomass peaks. The basis for the vertical microscale patchiness observed in the present study may, thus, originate from a hydrodynamically established structure.
However, on the basis of existing knowledge concerning the autecology of specific plankton organisms and the statistical analyses reported here, we hypothesize that biological processes (i.e. behaviour of individual species and/or interactions between species or communities) may influence the fine-scale vertical distribution of individual plankton species.
This study indicates that a mid-water column fluorescence peak may, in fact, contain a complex pattern of species distributions that can only be revealed through microscale sampling. We have shown that individual species exhibit distinct and reproducible patterns in their microscale vertical distributions. The presence of vertical microscale heterogeneity as demonstrated here may have important implications for sampling strategies and interpretation of results. Food web structure, species interactions and the relative importance of the species comprising a heterogeneous fluorescence peak may be difficult to infer from a single sample. Furthermore, sampling by vertically positioned water bottles that integrate water from a column the length of the bottle may lead to misinterpretations of species co-existence and species interactions.
